In this study, we analyze physiological information of facial electromyography and respiration using a force display system of a virtual arm wrestling system. We found that facial expressions under transient cessation of respiration during muscle strain are characterized by tension of the corrugator supercilii and zygomaticus major muscles. In addition, facial expressions of laughter, anger, and fear, and those during muscle strain can be distinguished based on the active pattern of the corrugator supercilii and zygomaticus major muscles. These findings are useful in the evaluation of emotions based on facial expressions during muscle strain using a head mounted display (HMD)-based virtual reality system.
INTRODUCTION
In previous work, game machines and training systems have been actively developed to include elements of play for elderly and disabled users so that they can have fun while exercising and rehabilitating [1] [2] . When using these systems, it is necessary to select an exercise strength and a duration that are appropriate for each subject to ensure safety and adequate effectiveness. Therefore, it is desirable to develop an exercise equipment that is easy to operate and is able to detect physiological reactions and dynamic indices during exercise. In particular, the facial expression and facial color of a subject's face vary with exertion when moving a load and are considered to be very important indices for monitoring the physical and mental state of a subject, such as fatigue and stimulation. However, analysis and synthesis of facial expressions have mainly been restricted to emotional states (e.g., delight, anger, sorrow, and pleasure); few studies have analyzed or synthesized facial expressions in terms of strain induced by physical exertion. In the future, coordination of kinesthetic and facial information is strongly anticipated to be applied to robotic systems and other multimodal interfaces to impart them with great human affinity.
On the other hand, a facial electromyograph measures the action potential generated when a muscle fiber is activated. Facial electromyograph has been used to infer facial expression and to examine the correlation between emotions and facial expression. From previous studies it is known that in pleasant emotion, muscle actions are stimulated in the lower half of the facial expression (in particular, the zygomaticus major), while in unpleasant emotion, muscle actions are stimulated in the upper half of the facial expression (in particular, the corrugator supercilii muscle) [3] [4] [5] .
In this study we focus on evaluating the affect display of facial expression in a virtual reality (VR) environment by investigating the implementation of facial electromyograph measurement in the VR system created with a head mounted display (HMD) [6] . We developed a virtual arm wrestling system by combining a virtual human with a force display system. This VR system projects video on the HMD and makes it appear as if the operator is arm wrestling with the virtual human. However, although it has been suggested that the facial expression associated with muscle strain (applying force) is an important affective communication function that conveys and helps us to understand the amount of force and level of pain, we
have not yet come across any previous study that analyzes the facial expression of strain by using the VR system with the HMD. This may be because it is difficult to read facial expression when the operator is wearing the HMD. For this reason, it is necessary to find a way to discern emoiton by using the facial expression of strain of the operator wearing the HMD. In this study, we outline the development of an experimental system for conducting physiological information measurement of facial electromyograph and respiration in the virtual arm wrestling system where test subjects wear the HMD. Then, using this experimental system, we examine the muscle actions most appropriate under transient cessation of respiration for evaluating emotions based on the facial expression associated with strain.
DEVELOPMENT OF THE EXPERIMENTAL SYSTEM

Concept of Virtual Arm Wrestling System
A concept of the virtual arm wrestling system for force display communication analysis is shown in Figure 1 . With the virtual arm wrestling system, nonverbal information and a physiological index are analyzed while a subject performs arm wrestling and the resulting data is made into a model. Using a virtual Fig.1 Concept of the virtual arm wrestling system. human in combination with the force display system, we then analyzed facial expressions and other data indicative of emotions, such as face color, joint movements, ways of operating force display, and timing in order to clarify the characteristics of force display communication. With this system, it is possible to analyze and evaluate the emotional changes of a subject upon a change in circulatory dynamics due to the application of quantitative force display based on nonverbal information (facial expressions, face color, force display), and physiological indices (skin temperature, heart rate, breathing rate, blood pressure, and myogenic potential). It is also possible to analyze the effects of force display on the human body from biological responses by evaluating the interface between the human and machine. For the virtual human in virtual space, force display occurs as the subject uses the system, in terms of changing facial expressions, face color, whether emotional expressions are present, etc. Therefore, it is also possible to analyze and understand the biological responses of the subject who receives visual stimulation through force display. The movements of human joints associated with force display and the responses to force display can be stored and processed. This makes it possible to synthetically analyze and replay the joint movements of the virtual human linked to each of the corresponding joints on the force display. It is also possible to create new movements and to apply force display.
Construction of Virtual Arm Wrestling System
The system consists of visual, audio, and force subsystems. The visual subsystem consists of a computer graphics control PC, a stereo head mounted display (HMD) (i-visor, Personal Display System), and a spatial position sensor (FASTRAK, Polhemus). Omega Space (SOLIDRAY Corp.) software was used to construct the virtual world. CCD cameras were attached to the HMD at left and right sides, making it possible to view the images in three-dimensional space. Images produced by synthesizing the actual images and the computer graphics images by chroma-key processing were output. In addition, a space position sensor was attached to the HMD which measured the position and orientation of the subject's head (the viewing point). The audio subsystem consists of a musical instrument digital interface (MIDI), a sampler, and RSS-10 (Roland) to generate a three-dimensional sound field. The force subsystem consists of an air cylinder, a rotary encoder and a force sensor to control the force display system. External view of virtual arm wrestling system is shown in Figure 2 . In order to synthesize the virtual human on the force display, the body size of the virtual human is adjusted, providing an image that makes it appear as though the subject is arm wrestling with a virtual human.
Force Display System
An outline of the force display system is shown in Figure 3 . Four air cylinders (SMC) are used as the drive source that controls the joints of the force display; the shoulder and elbow joints have four degrees of freedom. Two pressure proportional valves (ITV3051-312BL, SMC) are used to obtain the rotation drive for one degree of freedom. In addition, a rotary encoder is attached to each joint; control of the position of the joint angle is also possible. The input / output signal from the personal computer is converted to a DC voltage by a DA converter; the air pressure is controlled by adjustment of the pressure proportional valve by this voltage. The air pressure in the pressure proportional valve can be checked by input to the PC through an AD converter. A 6 axis force sensor (IFS-90M31A 50-I, Nitta Corp.) for analyzing the strength and the softness of force display is attached in the grip of force display system. When measurement was taken using five female student subjects aged 15-18 years, their average torque for the JSH axis was 30 [N•m]. Because the force display outputs greater drive torque than subjects, a fairly evenly matched condition is created by control with the PC to match the subject's muscle force [7] .
Configuration of the Experimental System
In this study we developed an experimental system that enables simultaneous measurement of facial images, facial electromyograph (EMG) and respiration (RESP) when a test subject resists static force load applied by the inner rotation of the shoulder in the virtual arm wrestling system, as if the subject was exerting muscular force in opposition at that moment in time. The experimental system is shown in Figure 4 . For the measurement of facial images, a DV video camera (DSR-PD100, SONY Corp.) captured individual frames as still color images. Facial EMG and RESP measurements were made by using compact biocompatible electrodes and a multi-telemetry system comprising a transmitter and receiver (WEB-5000, Nihon Kohden Corp.). Facial EMG and RESP were transmitted from the transmitter to the receiver and then sent to a PC for analysis after passing through an AD converter. During the experiment, a urethane foam fixture restrained the test subject's head to prevent head movement. The initial position of the JSH axis of the force display system is shown in Figure 5 . The upper body position of the test subject is not moving, and the elbow joint is at a right angle. The test subject is effectively arm wrestling against the force display system. The state in which the test subject grabs the grip of the force display system is defined as the initial position (0°) for shoulder rotation (rotary encoding of the JSH axis). The right wrist of the test subject is fixed by a leather protector, so that the force display system provides resistance to the inner shoulder rotation. The force display system (F in Figure 5 ) exerts its force in the direction of winning the arm wrestling match according to the angle +θ on the JSH axis. The other axes of the force display system were determined by preliminary experiments to find the appropriate pressure for neutrality, and the joints were kept at rest in a static position.
EXPERIMENTAL SYSTEM TO EVALUATE AFFECTS BY THE FACIAL EXPRESSION OF STRAIN
Experimental Method
The experimental protocol is shown in Figure 6 . First, after the test subjects entered the room, compact biocompatible electrodes were fitted to their faces and they were requested to sit still and wait. Next, as a preliminary test, facial EMG measurement of each test subject was made both with and without wearing the HMD while consciously putting on facial expressions of laughter, anger, and fear. In case of wearing HMD, the image has not projected. In addition, after holding the grip of the force display system without wearing the HMD, the air pressure was gradually increased manually to measure the test subject's muscle strength for inward shoulder rotation (JSH axis) as well as the maximum applied load that the test subject could exert in an arm wrestling match, along with the facial EMG. For this study, the maximum load that the test subjects could tolerate with their muscle strength for inward rotation of the shoulder was defined as the maximum tolerated load. These preliminary tests were conducted to ensure that the test subject's facial EMG was measured stably, to see the influence of the HMD on the test subject's facial EMG, to collect basic data for calculation of the Maximal Voluntary Contraction (%MVC), which is an indicator of muscle action, and to provide an explanation in regards to safety. Then, after holding the grip of the force display system with and without wearing the HMD, the facial EMG and RESP accompanying the static applied force load equal to 80% of the subject's maximum tolerated load were measured. The measurement lasted for a total of 70 seconds-30 seconds for rest, 10 seconds for the force display, followed by 30 seconds of rest. The test subjects were 11 female students (ages 19 to 22) who were not wearing makeup.
Analysis Method
Analyzing areas of facial EMG and RESP are shown in Figure 7 . In this study, we focused our analysis on two key muscles of the face, the corrugator supercilii and the zygomaticus major, to enable comparisons with the results of earlier studies. For the calculation of the %MVC, we applied absolute value processing of the waveform of the amplitude of the facial EMG, and we determined continuous time-series data of the average rectified value (ARV) smoothed by a low-pass filter. The 100% basic data for the %MVC was obtained for the facial expression occurring when the static force load applied for the maximum tolerated load (determined in the preliminary test) was displayed. The waveform of the facial EMG and RESP were measured at a sampling frequency of 1 kHz. Measurement of the facial EMG was taken without swapping the compact biocompatible electrodes in order to minimize the influence of electrode position and skin impedance.
Analysis Results
A typical example of the dynamic change in the facial EMG and RESP resulting from the application of static force of a magnitude equal to 80% of the test subjects' maximum tolerated load is shown in Figure 8 . Activity of the corrugator supercilii and the zygomaticus major muscles in accordance with the static force load is clearly evident. In addition, visual inspection of the facial images observed at the same time as the measurement confirms a furrow between the eyebrows and a rising of the cheeks. Respiration at rest before the application of a force has a unique periodic rhythm. Respiration accompanying the application of a force shows no changes in amplitude. Figure 9 shows the autocorrelation function of respiration. The correlation level of the autocorrelation function of respiration is lower during the application of a force than during resting. This is because the nostrils are constricted, thereby blocking respiration. During the rest period after application of the force, respiration seems to return to the unique periodic rhythm after exhaling. This tendency was observed in all test subjects.
In this study, we also calculated the %MVC and assessed the evaluation of affects by focusing on the facial EMG for facial expressions accompanying the basic emotions of laughter, anger, and fear and for facial expressions resulting from force display. The operators of the virtual arm wrestling system were expected to express not only a facial expression of strain, but also laughter due to the enjoyment of battling against the virtual arm wrestling system, anger due to the relentless mechanical movement of the machine, and fear by operational performance of the virtual arm wrestling. Obtaining knowledge of the facial EMG induced by the facial expressions accompanying basic emotions and the display of force is considered very important from the standpoint of evaluating the effectiveness of the system objectively [8] .
The laughter, anger, fear, and the %MVC due to the static applied force load at 80% of the maximum tolerated load, with and without the test subjects wearing the HMD, are shown in Figure 10 . For the facial expression of laughter, movement of the zygomaticus major muscle is clearly evident but that of the corrugator supercilii is not. For the facial expression of anger and fear, movement of the corrugator supercilii muscle is clearly evident but that of the zygomaticus major is not. The observations of the muscle action patterns of the corrugator supercilii and the zygomaticus major for facial expressions of laughter, anger, and fear are consistent with the results of our previous studies [3] [4] [5] . In the case of facial expressions of strain, movement of both the corrugator supercilii and the zygomaticus major muscles was markedly observed. Emulating a previous study by Sugawara et al. [3] , Table 1 shows the muscle action patterns for which the %MVC is markedly evident (60% or higher) in Figure 10 . In Table 1 , the facial expressions of laughter, anger, fear, and the facial expression of strain can be distinguished based on the muscle actions of the corrugator supercilii and the zygomaticus major. The operator of the virtual arm wrestling system places the HMD over their eyes, which could influence the facial EMG in the area around the eye. However, from the results of a paired t-test based on the %MVC of the corrugator supercilii and the zygomaticus major muscles with and without wearing the HMD in Figure 10 , no significant difference was observed. These findings can thus be utilized for the assessment of affects from the facial expression of strain when operating the virtual arm wrestling system while wearing the HMD, based on the action of the corrugator supercilii and the zygomaticus major muscles.
CONCLUSION
In this study, we analyzed physiological information of facial electromyography and respiration using a force display system of a virtual arm wrestling system. We found that facial expressions under transient cessation of respiration during muscle strain are characterized by tension of the corrugator supercilii and zygomaticus major muscles. In addition, facial expressions of laughter, anger, and fear, and those during muscle strain can be distinguished based on the active pattern of the corrugator supercilii and zygomaticus major muscles. These findings can thus be utilized for the assessment of affects from the facial expression of strain when operating the virtual arm wrestling system while wearing the HMD, based on the action of the corrugator supercilii and the zygomaticus major muscles. In the experiment the gender of the subjects was female. The gender difference is an issue in the future.
(a) Corrugator cupercilii muscle.
(b) Zygomaticus major. Fig.10 Change of facial electromyography with and without head mounted display. Table 1 Facial electromyography active pattern with laughter, anger, fear and muscle strain.
